I
n the mammalian heart the electrical activity, spontaneously generated in the sinoatrial (SA) node, is propagated through the atria, then to the ventricular walls via specialized tissues that constitute the conduction system (CS). The CS includes the atrioventricular (AV) node, the His bundle, and the two bundle branches (BBs), which ramify into peripheral Purkinje fibers. Gap junction channels are responsible for the electrical coupling between the various types of myocytes, and they are required for the propagation of cardiac impulse. 1 Gap junction channels are intercellular structures constituted by transmembrane proteins belonging to the connexin (Cx) family. 2, 3 Nineteen Cx genes have been identified in the mouse genome, 4 but so far only four Cxs, Cx43, Cx40, Cx45, and Cx46, have been shown to be expressed in mammalian cardiomyocytes with each having a unique expression pattern in the adult heart. 5 Hence, in the mouse heart, Cx43 is abundant in both the atrial and ventricular working myocytes, and the distal part of the CS; Cx40 is strongly expressed in the atrial working myocytes and the CS, 6, 7 whereas Cx45 is detected mainly in the SA node and the CS. 8 -10 Expression of Cx45 has been reported in the working ventricular myocardium 11 but this finding has not been corroborated by other investigations. 9, 12 Lastly, Cx46 was detected in the rabbit SA node associated with Cx40 and Cx45. 13, 14 Analysis of Cx-deficient mice has provided evidence that Cx43, Cx40, and Cx45 are involved in both heart function and development. The Cx45 null mutation is lethal with the embryos dying in utero around embryonic day 10, 2 days after cardiac contractions are normally initiated. 15, 16 Several anomalies including defects in the endocardial cushions are thought to contribute to the lethal phenotype. Conditional knock-out (KO) mice in which Cx43 gene expression in the cardiomyocytes is reduced by about 90% have ventricular conduction velocity (CV) slowed by 50%. All these mice undergo sudden cardiac death from spontaneous ventricular arrhythmias by 2 months of age. 17 Cx40KO mice are viable and fertile, 18, 19 and several studies have focused on impulse propagation in the hearts of these mice. 20 -25 Findings from these studies include impaired conduction at various levels of the CS, and increased incidence of inducible atrial tachyarrhythmias, indicating that Cx40 is an important determinant of impulse propagation in the atria and the AV conduction system. Recent investigations also suggest that Cx40 may play a role in cardiac morphogenesis. 26 ϩ/ϩ (ϩ/ϩ), Cx40 ϩ/KICx45 (ϩ/KI), and Cx40 KICx45/KICx45 (KI/KI) 129Sv/CD1 mice. Similar results were obtained with 129Sv/C57Bl/6 mice. Amplicons of the expected sizes were detected in all samples investigated. The intensity of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) signals indicated that equivalent amounts of synthesized cDNAs were analyzed. C, Representative results of Northern blot experiments performed with RNA extracted from atria of Cx40 ϩ/ϩ (ϩ/ϩ), Cx40 ϩ/KICx45 (ϩ/KI), and Cx40 KICx45/KICx45 (KI/KI) 129Sv/CD1 mice. Similar results were obtained with 129Sv/C57Bl/6 mice. Intensity of signals obtained with the hypoxanthine phosphoribosyl-transferase (HPRT) probe indicated that equal amounts of cDNA were analyzed. Exposure times: 3 days, 5 days, 1 day, and 12 hours after hybridization with Cx40, Cx45, Cx43, and HPRT probes, respectively. D, Representative results of Western blot experiments performed with samples of atrial tissue collected from Cx40 ϩ/ϩ (ϩ/ϩ), Cx40
(ϩ/KI), and Cx40 KICx45/KICx45 (KI/KI) 129Sv/CD1 mice. Similar results were obtained with 129Sv/C57Bl/6 mice. Intensity of the signals obtained after treatment with anti-desmin antibody (Des.) indicated that similar amounts of proteins were probed with each of the anti-Cx antibodies. Molecular mass of the detected proteins is indicated on the right.
The analysis of KO mice has therefore provided important information on the in vivo functions of Cxs in heart. Another approach for analyzing the function of Cxs is to generate knock-in (KI) mice to assess the functional equivalence of two Cxs. Cx40 and Cx45 are both expressed in the mouse CS, albeit with very different levels of expression. Channels composed of Cx40 or Cx45 have quite different properties. Cx40 channels have a large unitary conductance (Ϸ160 pS), in contrast with Cx45 channels, which have a small conductance (Ϸ30 pS). 27, 28 Macroscopic conductance of Cx40 channels is not very sensitive to the transjunctional voltage (V j ) as compared with that of Cx45 channels, which is very sensitive to V j . 29 -32 Furthermore, both types of channels are differently regulated by phosphorylation. 28, 33 To assess the functional equivalence of Cx40 and Cx45, we have generated Cx40KICx45 mouse lines in which Cx45 is expressed in lieu and place of Cx40.
Materials and Methods
The strategy used to generate the transgenic mice and the techniques used for genotyping the ES cells and mice and for identifying expression of the transgene in the KI mice are described in detail in the expanded Materials and Methods in the online data supplement (available at http://www.circresaha.org). The expression of the transgene was assessed on three hearts from adult mice (8 to 12 weeks old), from three independent litters, for each type of experiment carried out (RT-PCR, Northern and Western blots, immunofluorescence), and for each genotype investigated. In addition, all experiments were performed with samples from both Sv129/CD1 and 129Sv/C57Bl/6 mice.
ECG recordings were performed on anesthetized mice as described previously. 25, 34 The hearts were dissected, connected to a Langendorff setup, and extracellular epicardial electrograms were recorded during sinus (SR) or paced rhythm. 25, 34 Protocols for measuring epicardial activation and the conduction velocity (CV) in the various cardiac tissues including the BBs are described in the online data supplement. Multiple group comparisons were performed using ANOVA with LSD post hoc analysis using SPSS 10 for Macintosh. Values are meanϮSEM. Values of PՅ0.05 were considered statistically significant.
Results

Generation of the KI Mice
KI mice were generated on two genetic backgrounds:129129/ CD1 (50%/50%) and 129Sv/C57Bl/6 (50%/50%). No abnormal embryonic lethality was detected. The mice grew normally, were fertile, and had no obvious anatomical cardiac defects.
Transcriptional and Translational Expressions of the Transgene
The results revealed no significant difference dependent on the genetic background and were reproducible for each type of experiment performed.
The expression of Cx40, Cx43, and transgenic Cx45 mRNAs in the atria of wild-type (wt, Cx40 ϩ/ϩ ), heterozygous (Cx40 ϩ/KICx45 ) and homozygous (Cx40 KICx45/KICx45 ) mice was determined by semiquantitative RT-PCR ( Figure 1B The levels of expression of the transcript of the Cx43 gene in the three types of mice investigated were similar ( Figure 1C ). Cx45 protein 12 was correctly translated in the transgenic mice, as shown by Western blot experiments performed with atrial samples ( Figure 1D ). The reduction of the level of expression of Cx40 protein in the atria of Cx40 ϩ/KICx45 mice ( Figure 1D ) was associated with the detection of Cx45 protein in the same tissue. Cx40 protein was not detected in the atria samples of Cx40
KICx45/KICx45 mice. In contrast, Cx45 protein was shown to be expressed in these same samples with a level of expression higher than that observed in the heterozygotes. The level of expression of Cx43 protein was unaffected by the expression of the transgene ( Figure 1D ).
The pattern of expression of Cx40, Cx45, and Cx43 was further investigated by immunofluorescence on sections of Cx40 ϩ/ϩ and Cx40 KICx45/KICx45 mouse heart. No signal was detected in the atria of Cx40
KICx45/KICx45 mice treated with anti-Cx40 antibodies ( Figure 2B' ), or in the atria of Cx40 Position of the sections shown in these panels is indicated by a box in scheme C, which represents a mammalian heart. E and F, Subendocardial expression of Cx40 and Cx45, respectively, in a section (D) coming from the heart of a Cx40 ϩ/ϩ mouse. Expression of both Cxs overlaps in the His bundle branch, but weak Cx45 labeling is also observed in the vicinity of the bundle, in the IVS (arrows in F). In the Cx40
KICx45/KICx45 mice (G and H), as in the Cx40 ϩ/ϩ mice, Cx45 was detected in the His bundle branches (white arrow in H), and in the first layer cells of the septal working myocytes (black arrows in H). It was undetectable in the major portion of the septum (asterisks in H). Similar results were obtained with 129Sv/C57Bl/6 mutant mice. Bar in Aϭ50 m for A and B; bar in Dϭ50 m for D, E, and F; and bar in Gϭ20 m for G and H. mice indicated that Cx45 was strongly expressed in this tissue with a pattern of expression similar to that of Cx40 in the samples of Cx40 ϩ/ϩ mice (compare Figures 2A and 2D ). The pattern of expression of Cx43, and the intensity of signals, were similar in the atria of both Cx40 ϩ/ϩ and Cx40
KICx45/KICx45 mice ( Figures 2E and 2F ). Cx40 and Cx45 proteins were detected in the cardiac CS of Cx40 ϩ/ϩ mice ( Figures 3E and  3F) , as reported previously. 5 The area of Cx45 labeling was larger than that of Cx40, corresponding to the so-called "extended conduction system," 9 and the intensity of signal was weaker than that detected for Cx40 protein ( Figures 3E  and 3F ). In the Cx40
KICx45/KICx45 mice the pattern of expression of Cx45 delineated an extended CS similar to that seen in the Cx40 ϩ/ϩ mice ( Figure 3H ). Cx40 was detected between the endothelial cells of the coronaries irrigating the cardiac walls of the Cx40 ϩ/ϩ mice ( Figure 3A ). In the coronaries of Cx40
KICx45/KICx45 mice, Cx45 had replaced Cx40, as expected ( Figure 3B ).
Analysis of the Impulse Conduction in the Heart
Surface ECGs Figure 4 illustrates the ECG recordings of the 129Sv/CD1 mice. The values of the parameters of ECGs and their statistical analysis are summarized in the Table. No difference was found between the three genotypes investigated for the RR or the PQ intervals. However, the P wave duration was significantly increased from 9.1Ϯ0.3 ms in the Cx40 ϩ/ϩ mice to 10.7Ϯ0.5 ms in the Cx40
KICx45/KICx45 mice, suggesting slower atrial activation or other mechanisms such as a delayed activation in the interatrial pathways or ectopic activation. The latter hypothesis is unlikely because the P-wave morphology was similar for all three genotypes. The QRS complexes were fractionated and their duration was increased from 10.8Ϯ0.4 ms in the Cx40 ϩ/ϩ mice to 14.0Ϯ0.6 ms in the Cx40
KICx45/KICx45 mice, pointing to a delayed activation of the ventricles. The profiles of the ECGs of 129Sv/ C57Bl/6 mice were similar to those of the 129Sv/CD1 mice (not shown). However the absolute values of the measured parameters were different from those of 129Sv/CD1 mice (Table) , indicating a strain dependency, as expected. 35 The P wave and the QRS complex durations were significantly increased in the Cx40
KICx45/KICx45 129Sv/C57Bl/6 mice, as compared with the Cx40 ϩ/ϩ mice. Because the modifications identified were similar in the two genetic backgrounds, the experiments that followed were performed on one background only, 129Sv/CD1.
Ventricular Activation
Epicardial mapping was performed in SR on Langendorffperfused hearts to investigate the delayed activation of the ventricles in Cx40
KICx45/KICx45 mice. Figure 5 shows representative activation maps of the right ( Figure 5A ) and left ventricles ( Figure 5B ) in SR. In the Cx40 ϩ/ϩ and Cx40
mice, the sites of first activation were found as breakthrough, apicolateral, or basolateral sites (see Table for the frequencies of events). In the Cx40 KICx45/KICx45 mice no midventricular breakthrough activation was found, and the earliest activations were predominantly found at apical sites (Table) , indicating a different mode of ventricular activation in these animals.
The total activation time was calculated from all RV and LV activation maps recorded in SR by subtracting the latest activation times from the earliest ones. The activation time of the RV was significantly increased from 5.4Ϯ0.4 ms in Cx40 ϩ/ϩ mice to 9Ϯ0.7 ms (67%) in Cx40 KICx45/KICx45 mice (Table) . The activation times of the LV of the mice of the three genotypes investigated were not significantly different (Table) . Figure 5C shows examples of the AV delay as a function of the coupling interval of the premature stimulus (conduction curves). No significant differences were detected between the three groups of mice for neither the AV effective refractory period (ERP), the minimum AV delay at infinitely long coupling intervals (D ϱ ), nor the time constant () (Table) . (Table) . In the LA, there was a significant reduction of the CV, from 31.5Ϯ1.6 cm/s in Cx40 ϩ/ϩ mice to 24.3Ϯ2.2 cm/s in Cx40 KICx45/KICx45 mice.
Atrioventricular Conduction
Atrial Conduction
Ventricular Conduction
Examples of activation maps of the paced RV and LV are shown in Figures 6C and 6D , respectively. RV and LV activation maps showed anisotropic conduction independent of the genotype. Both longitudinal and transversal CVs in the ventricles were similar in all three genotypes (Table) .
Bundle Branch Conduction
Examples of RBB and LBB activation maps are shown in Figures 6E and 6F , respectively. RBB activation was always , and Cx40
KICx45/KICx45 mice. Genetic background, 129Sv/CD1. Prolongation and fractionation of the QRS complex was observed in the Cx40
KICx45/KICx45 mice. Dotted lines represent isoelectric lines.
recorded in a one-electrode wide strand, whereas LBB activation was electrically much wider and was always recorded in several electrode strands parallel to each other. In the Cx40 ϩ/ϩ mice, the CV in the RBB was 36.5Ϯ5.4 cm/s (Table) , and it was not significantly different in the Cx40 ϩ/KICx45 mice. Interestingly, in the Cx40
KICx45/KICx45 mice, the CV in the RBB was significantly reduced by 46% to 19.2Ϯ2.9 ms. The CVs in the LBB were not significantly different between the three genotypes investigated (Table) .
Discussion
The targeted replacement of one Cx gene by another Cx gene has been performed for several Cxs. 36 -38 Analysis of the resulting transgenic mice has indicated that Cxs could have either unique or redundant functions, and has provided important clues regarding the role of Cxs in vivo. In this study, we have generated Cx40KICx45 mice, and assessed the involvement of Cx45 in the propagation of cardiac impulse in the absence of Cx40. For both genetic backgrounds investigated, the major phenotypic effects of the biallelic replacement of Cx40 by Cx45 were an increased duration of the P wave, and a prolonged and fractionated QRS complex in the ECGs in vivo. Epicardial mapping indicated a changed and prolonged activation of the RV that could be attributed to slow conduction in the RBB. The CVs in ventricular working myocardium, and the conduction delay in the AV node, were unaffected. The duration of the P wave was increased by about 18% in the Cx40
KICx45/KICx45 mice. No decrease of the CV in the RA was found in contrast to the LA in which a significant reduction of about 23% was observed. These data may explain the increase of the P-wave duration, although a delayed activation between the right and left atrium cannot be excluded, and indicate that Cx45 cannot fully replace the function of Cx40, at least in the LA. Studies on Cx40 KO . n indicates number of independent experiments. mice have indicated that the increase in the duration of the P wave was higher, ranging from 30% to 56%, 20, 21 and was mainly due to a very significant reduction of the CV (30%) in the RA. 21 These results, and the present data are suggestive of a chamber-specific role of Cx40. This hypothesis is strengthened by the fact that in the human heart the expression level of Cx40 is higher in the RA than in the LA. 39 However, this differential expression remains to be demonstrated in the mouse heart.
No differences were found in the various parameters that characterize the AV conduction in the Cx40 ϩ/ϩ , Cx40 ϩ/KICx45 , and Cx40
KICx45/KICx45 mice, indicating that the AV node func- , and Cx40
KICx45/KICx45 mice, respectively. Total epicardial activation times deduced from these maps were 5, 7, and 10 ms, respectively. In the maps shown in B the sites of first activation were basolateral and apicolateral sites for Cx40 ϩ/ϩ , and Cx40 ϩ/KICx45 and Cx40
KICx45/KICx45 mice, respectively. In these examples, the total epicardial activation times were 5, 6.5, and 6 ms, respectively. C, Representative curves of AV nodal conduction for the 3 groups of mice investigated. Relationship between the activation times of the RV is plotted as a function of the coupling interval of the premature stimulus. Black curves were drawn from experimental data; red curves are the best fits of the experimental data to online Equation 1 (available in the online data supplement).
tions normally when Cx40 is replaced by Cx45. Numerous studies have described an increase in the PR interval and the Wenckebach cycle length in the Cx40 KO mice, 18 -21 which indicated an impairment of the AV conduction. Our results indicate that the absence of Cx40 in the AV node can be corrected by the expression of Cx45 despite differences in their intrinsic properties. The delayed activation of the RV, but not that of the LV, during SR, which increases the activation time of the heart, accounts for the increase of the duration of the QRS complex. , and Cx40 KICx45/KICx45 mice. Position of the electrode array on the epicardium (A through D) or the septal myocardium (E and F) is indicated in the pictograms. Activation times are relative to the pacing stimulus in the maps of the RA, LA, RV, and LV and relative to the atrial activation in the maps of the RBB and LBB. CVs were calculated from these maps. Activation times (ms) are indicated by color codes. In the examples shown in A and B, the CVs in the RA and the LA were 36 and 29, 32 and 32, and 41 and 19 cm/s for Cx40 ϩ/ϩ , Cx40
, and Cx40 KICx45/KICx45 mice, respectively. In the examples shown in C and D, the CVs in the RV and the LV were 40 and 38, 40 and 33, and 30 and 34 cm/s for Cx40 ϩ/ϩ , Cx40
, and Cx40 KICx45/KICx45 mice, respectively. Note that the anisotropy of the conduction in the ventricles is independent of the genotype. CVs determined from the activation maps of the RBB and LBB illustrated in E (RS, right side of the septum) and F (LS, left side of the septum) were 42 and 47, 54 and 51, and 17 and 54 cm/s for Cx40 ϩ/ϩ , Cx40
, and Cx40 KICx45/KICx45 mice, respectively. Note that the activation patterns in the right and left BB are asymmetrical. Electrograms recorded in 2 different sites of both bundle branches are shown for each genotype.
The CV in the ventricular working myocardium was unaffected by the replacement of Cx40 by Cx45, because Cx40 is not expressed in the ventricular working myocardium of the adult mouse heart. The slow CV measured in the RBB of Cx40 KICx45/KICx45 mice, but not in the LBB, explains the abnormal activation of the RV, in these animals. In the absence of Cx40, Cx45 is the only known Cx which is expressed in the proximal parts of the bundle branches. 5 Assuming that Cx45 was upregulated in a similar way in both bundle branches, its expression supports a normal conduction in the LBB, but fails to do so in the RBB, indicating that electrical and/or structural differences between LBB and RBB account for the observed effect. Analysis of mice in which one allele of the Cx40 gene was replaced by eGFP (Cx40 ϩ/KIeGFP mice) has shown that the LBB was in fact constituted with 20 or so parallel strands coming from the His bundle, and covering entirely the left side of the interventricular septum. In contrast, on the right flank the branch (RBB) emerging from the His bundle was constituted by only one thin fiber in its proximal part. 40 Thus, the LBB is more extended and much more complex than the RBB, and this morphology is in agreement with the activation patterns which were recorded ( Figures 6E and 6F) . Consequently, variations of the gap junctional coupling in the ventricular CS will affect RBB conduction more severely than LBB conduction. Furthermore, the relationship between the gap junctional coupling and the CV in a strand of model cells is not linear. 41 At high levels of junctional conductance the CV saturates, and significant reductions of the conductance from very high values do not necessarily result in a significant reduction of the CV. In contrast, small reductions of the conductance from low values will lead to drastic reductions of the CV. If one assumes that the coupling is higher in the LBB than in the RBB, which is not unlikely because the CV is higher in the LBB (47.8 cm/s) than in the RBB (36.5 cm/s), a similar reduction of the intercellular coupling in both bundle branches would be more prominent in the RBB than in the LBB. The analysis of Cx40KO mice confirmed that the RBB is much more sensitive to changes in the Cx expression than the LBB. Indeed, the deletion of Cx40 without replacement resulted in conduction block in the RBB, but induced only a slowing down of the conduction in the LBB. 25 The higher vulnerability of the RBB is also reflected in the clinical data that indicate that the frequency of conduction impairment in patients with cardiovascular diseases is much higher in the RBB than in the LBB (see for example Newby et al 42 ) .
In summary, the replacement of Cx40 by Cx45 resulted in the heart in a significant reduction of the CV in the LA and a normal CV in the RA. The conduction delay in the AV node was unaffected, whereas a partial loss of function became apparent in the RBB, but not in the LBB.
